Background: Phytoestrogen exposure from soy formula feeding during infancy may disrupt reproductive system development, resulting in altered menstrual bleeding in adulthood. Methods: We investigated this relationship in a cohort of 1,696 young african american women using enrollment data from the Study of environment, lifestyle, & Fibroids (2010lifestyle, & Fibroids ( -2012. Questionnaire data on soy formula feeding were available for 1,553 participants, 89% based on mother's report. Menstrual bleeding outcomes including those indicative of heavy menstrual bleeding were ascertained by interview. We estimated relative risks (rrs) and 95% confidence intervals (ci) for associations between soy formula feeding and menstrual bleeding outcomes using log-binomial regression and log-multinomial regression, comparing participants ever fed and never fed soy formula. Results: We observed associations between soy formula feeding and variables indicating a history of heavy menstrual bleeding, including ever experiencing heavy, gushing-type bleeding (rr: 1.2, 95% ci: 1.0, 1.4), ever use of nonsteroidal anti-inflammatory drugs for heavy bleeding (rr: 1.3, 95% ci: 1.0, 1.6), and ever use of a contraceptive method for heavy bleeding (rr: 1.2, 95% ci, 0.9, 1.6). among the subset of participants with menses in the past year who did not use medication that may alter menstrual flow (n = 762), our data suggested that soy formula feeding was associated with heavier flow and the adverse impact of menstrual bleeding on quality of life, but cis were wide. Conclusions: Our data suggested that soy formula feeding is associated with heavy menstrual bleeding. Our results support the idea that infancy is a susceptible developmental window for female reproductive function.
H eavy menstrual bleeding is defined as excessive menstrual bleeding that interferes with physical, emotional, social, and economic quality of life. 1 this condition is common; a recent survey of african american women reported that 39% of women had seen a doctor for heavy menstrual bleeding. 2 Women have reported extraordinary strategies to cope with such bleeding, including missing work and avoiding activities that require leaving the home. [3] [4] [5] as such, US women whose menstrual flow has increased over the past year are 28% less likely to be at work on any given week than women with lighter or unchanged menstrual flow. 6 in addition, excessive menstruation not only results in hospitalization, it is the most frequent diagnosis among hospitalizations for menstrual disorders; menstrual disorders account for 15% of gynecologic hospitalizations among US reproductive age women. 7 Menstrual bleeding is regulated by local endometrial shedding and repair mechanisms, many of which are driven by ovarian steroids whose production are governed by the hypothalamus-pituitary-gonadal (HPg) axis during the menstrual cycle. [8] [9] [10] [11] infancy may be a critical window for uterine and HPg axis development as uterine tissue continues to differentiate, and some studies suggest that the HPg axis may be active during infancy. [12] [13] [14] [15] [16] thus, exposure to exogenous hormones during infancy may disrupt this development, resulting in persistent changes in the uterus and HPg axis and altered menstrual bleeding in adulthood.
We hypothesized that soy formula feeding during infancy may be one such exogenous hormonal exposure. Soy formula contains phytoestrogens, predominantly genistein and daidzein, that are structurally similar to estradiol. 17 infants fed soy formula can be highly exposed to these phytoestrogens, 18 particularly when soy formula is the main source of nutrition. exposure to genistein during the early neonatal period has been shown in rodent animal models to change the structure and function of the adult reproductive tract and HPg axis. [19] [20] [21] [22] to our knowledge, only one previous study has examined the relationship between soy formula feeding in infancy and menstrual bleeding characteristics in adulthood. 23 that study evaluated a broad range of reproductive outcomes. With regard to menstrual bleeding characteristics, the authors reported that soy formula feeding was associated with slightly longer bleeding duration but not with heavy menstrual flow. 23 the purpose of the present analyses was to investigate the associations between soy formula feeding in infancy and several menstrual bleeding outcomes, including those indicative of heavy menstrual bleeding, among a cohort of young african american women.
METHODS

Study Population
We used enrollment data from the national institute of environmental Health Sciences (nieHS) Study of environment, lifestyle, & Fibroids (SelF), an ongoing cohort study designed to identify risk factors for fibroid incidence and growth. as previously described, SelF consists of 1,696 african american women who were recruited from the Detroit, Michigan area and who were ages 23 to 34 years at enrollment. 24 the primary eligibility criteria for SelF included having an intact uterus and no previous diagnosis of uterine fibroids. the participants in SelF participated in several study activities at enrollment, including attending a clinic visit and completing computer-assisted telephone and web-based interviews and self-administered questionnaires. the conduct of SelF was approved by the institutional review Boards at nieHS and at the collaborating healthcare system for this project, the Henry Ford Health System. each participant in SelF provided informed consent before enrollment.
Exposure Ascertainment
the exposure of interest in the present analyses, soy formula feeding during infancy, was ascertained using the early life questionnaire that was given to SelF participants at the enrollment clinic visit and returned by mail. the questionnaire was designed so that the participant could interview her mother, other relatives, or her mother's friends to obtain the requested information. the information collected in the questionnaire included whether the participant was ever fed soy-based infant formula (yes, no), the duration of soy formula feeding (<1 month, 1-3 months, 4-6 months, and >6 months) and whether the feeding was initiated within the first 2 months after birth (yes, no). the questionnaire was returned by 1,598 SelF participants (94%) and data on soy formula feeding was available for 1,553 participants (198 ever fed soy formula, 1,355 never fed soy formula), comprising the study sample for the present analyses. eighty-nine percent of these participants had the assistance of their mothers when completing the questionnaire.
Outcome Ascertainment
We considered eight menstrual bleeding outcomes, the majority of which were focused on heavy menstrual bleeding. three outcomes regarding any past experience with heavy menstrual bleeding were evaluated among the entire study sample of 1,553 participants. these three outcomes were collected during the computer-assisted telephone interview: (1) ever having menstrual periods with heavy, gushing-type bleeding defined as bleeding that was too much for pads or tampons to absorb, even when changed frequently (yes, no); (2) ever use of nonsteroidal anti-inflammatory drugs (nSaiDs) such as ibuprofen or Motrin for heavy menstrual bleeding (yes, no); and (3) ever use of a hormonal method of birth control (birth controls pills, hormonal implant, patch, vaginal ring, or injections) or an intrauterine device for heavy menstrual bleeding (yes, no).
the five other menstrual bleeding outcomes were based on information about the last menstrual period (lMP) as well as menstrual bleeding during the 12 months preceding the interview date. We evaluated these outcomes among a subset of participants. Starting with the study sample of 1,553 participants, we excluded women who reported no menses in the past year (primarily due to contraceptive method use) (n = 124), women who reported menses in the past year but who either had no menses in the year before lMP (n = 22) or used hormonal birth control or medication that alters the frequency of menses or induces cessation of menses at any time during the year before lMP (n = 469). among the remaining menstruating women, we additionally excluded women who were currently using nSaiDs for heavy menstrual bleeding (n = 175) or whose nSaiD use was not known (n = 1). in this article, we refer to this subset of participants (n = 762; 89 exposed, 673 unexposed) as women having natural menses.
Of the five menstrual bleeding outcomes that we evaluated among women with natural menses, two were focused on menstrual bleeding characteristics, heaviness, and duration, at the lMP. Menstrual flow heaviness was determined using information on pad and tampon product use on the heaviest day of bleeding during the lMP. We estimated the menstrual flow heaviness (ml of blood) by multiplying the absorbency of the most absorbent pad or tampon product used, total number of pads and tampons used during the entire day, and the frequency that the pads or tampons were fully saturated when changed (etables 1 and 2, eFigure 1; http://links.lww. com/eDe/B59). We used a scoring system similar to that proposed by Wyatt et al. 25 to assign the pad and tampon product absorbency in terms of menstrual blood (ml). the estimated menstrual flow was categorized as light, medium, and heavy (etable 3; http://links.lww.com/eDe/B59). Duration of menstrual bleeding was defined as the number of days of bleeding at lMP, not including days of spotting. We categorized duration as ≤3, 4-5, and ≥6 days. the three other outcomes concerned the impact of menstrual bleeding on quality of life; these outcomes were collected in the computer-assisted web interview and were assessed in relation to the 12 months before interview: (1) the extent to which menstrual bleeding was a problem (not a problem, a small problem, a medium problem, and a big problem); (2) the extent to which menstrual bleeding interfered with being able to do things that the participant likes to do or has to do (not at all, a little, and some/a lot); and (3) the number of days that the participant missed work or stopped home activities because of menstrual bleeding that we categorized as <3 and ≥3 days. the majority of menstrual bleeding outcomes collected in SelF were adapted from questions used in the nieHS Uterine Fibroid Study [26] [27] [28] to allow for comparison of findings across studies. SelF improved upon the nieHS Uterine Fibroid Study with the inclusion of additional questions on product absorbency and saturation to allow for the estimation of menstrual flow heaviness in a manner that is similar to an approach that uses a pictorial questionnaire. 25
Ascertainment of Participant and Maternal Characteristics
We considered the characteristics of the participant at enrollment and as an infant as well as the characteristics of her mother when she was pregnant with the participant. in SelF, these characteristics were primarily collected by questionnaire and interview with most of the infant and maternal characteristics collected using the early life questionnaire; participant height and weight were measured at the clinic visit.
Statistical Analyses
We directly estimated the relative risk (rr) and 95% confidence intervals (cis) for the association between soy formula feeding and menstrual bleeding outcomes using logbinomial regression, comparing participants who were ever and never fed soy formula as infants. For menstrual bleeding outcomes with more than two categories, we used logmultinomial regression (leigh Blizzard, 12/19/2014, Stata command documentation). 29 log-multinomial regression also directly estimates the rr and 95% ci and compares the risk of a given menstrual bleeding outcome category between participants ever and never fed soy formula. in log-multinomial regression, one outcome category is not fitted in the modeling process 29 and we always chose the outcome category representing the least bleeding or the least impact on quality of life as the nonfitted category. We present data only for our analyses of the dichotomous exposure of soy formula feeding in infancy (ever vs. never); the additional categorization of exposure by soy formula duration and timing of initiation (within 2 months of birth or after) resulted in small numbers and statistical instability.
in all analyses, we adjusted for participant age (continuous) given its association with heavy menstrual bleeding and its association with infant feeding practice when the participants were born. 30 We also adjusted for maternal education (≤high school diploma or general equivalency diploma, some college, associate's degree or higher degree); maternal education may be associated with reporting of soy formula feeding as well as unmeasured early life exposures that may be associated with soy formula feeding and heavy menstrual bleeding.
We conducted several sensitivity analyses. First, we repeated the analyses adjusting for exposure to breastfeeding during infancy (ever/never) as well as maternal hypertension/pre-eclampsia (no/yes). Second, we employed a stricter exposure definition, with exposure being defined as at least 1 month of soy formula feeding (vs. never being exposed), excluding 24 participants fed soy formula for less than a month (10 participants were excluded among the subset with natural menses). Finally, we repeated the analyses restricting the study population to women who did not report a previous diagnosis of endometriosis, cervical polyps, or uterine polyps, and were not found to have prevalent fibroids on ultrasound at the enrollment visit (restricted study sample [n = 1,174]: 155 exposed and 1,019 unexposed; restricted subset with natural menses [n = 576]: 72 exposed, 504 unexposed). this was done to understand the relationships between soy formula feeding and menstrual bleeding outcomes not mediated by uterine conditions that are associated with heavy menstrual bleeding. 11 given that the ascertainment of soy formula feeding relied on the recall of the participant's mother or other relatives over 23-34 years, we conducted probabilistic bias analysis 31, 32 to explore the impact of exposure misclassification on the associations between soy formula feeding and the three binary menstrual bleeding outcomes using the episensi command in Stata. 33 We provide details of this analysis under "Description of Probabilistic Bias analysis" in eappendix (http://links. lww.com/eDe/B59). in brief, we specified trapezoidal distributions for the sensitivity (minimum 0.80, modes 0.85 and 0.95, maximum 1.0) and specificity (minimum 0.92, modes 0.94 and 0.96, maximum 0.98) of exposure classification; and we used 50,000 random draws from these distributions in our analysis. We repeated the entire bias analysis under other distributional specifications to explore how they might influence the results (etable 4; http://links.lww.com/eDe/B59).
the statistical analyses were conducted using Stata version 13.1 (Statacorp, college Station, tX) and we considered the significance level as α = 0.05 in all analyses. the log-binomial regression estimates were similar to those obtained using Poisson regression with robust variance. We also provide estimates of the relative risk ratios and 95% cis using multinomial logistic regression for our analyses involving more than two outcome categories (etable 5; http://links. lww.com/eDe/B59).
RESULTS
in our study sample of 1,553 participants, 13% reported ever being fed soy formula as infants. More than half of these participants were fed soy formula for more than 6 months (53%). Feeding was initiated within the first 2 months of birth (58%). Women who were fed soy formula as infants were generally similar demographically to women who were not fed soy formula, although a slightly greater percentage of exposed women were younger at enrollment and had a body mass index ≥25.0 kg/m 2 (table 1). among the subset of participants with natural menses (n = 762), we additionally observed that exposed women were less likely to be nulliparous and more likely have had menarche before age 13 years and have some college education compared with unexposed women.
Women fed soy formula as infants were more likely than unexposed women to have mothers with an older age at delivery, pregnancy-related hypertension or pre-eclampsia when pregnant with the participant, and at least some college education. in addition, exposed women were more likely to weigh more at birth and to have been breastfed than unexposed Subset of participants with natural menses, defined as women who reported menstrual periods in the year before the last menstrual period and study interview date and who reported not using medications that may alter menses (hormonal birth control or other medications during the year before the last menstrual period or current use of nonsteroidal anti-inflammatory drugs for heavy menstrual bleeding).
geD indicates general equivalency diploma; HS, high school degree.
women (table 2) . a similar pattern was also observed among the subset of exposed and unexposed women with natural menses. the frequency of adverse menstrual bleeding outcomes ranged from 9% to 37%, with past history of menstrual periods with heavy, gushing-type bleeding (37%) and ever use of nSaiDs for heavy menstrual bleeding (25%) being the most commonly reported outcomes. comparing women who were ever and never fed soy formula as infants, we observed an increased risk of ever having menstrual periods with heavy, gushing-type bleeding (rr: 1.2, 95% ci: 1.0, 1.4) and ever use of nSaiDs for heavy menstrual bleeding (rr: 1.3, 95% ci: 1.0, 1.6) in relation to soy formula feeding, adjusting for participant age and maternal education (table 3) . there was weaker evidence of an association between infant soy formula feeding and ever use of a contraceptive method for heavy menstrual bleeding (rr: 1.2, 95% ci: 0.9, 1.6).
among the subset of participants with natural menses, the duration of bleeding at the lMP did not differ by exposure status (table 4). Our data suggested that soy formula feeding was associated with a modest increased risk of heavier menstrual flow at lMP and adverse impact of menstrual bleeding on the quality of daily life in the past 12 months, although the cis were wide or failed to show the expected monotonic increase.
Our results did not change after further adjustment for breastfeeding or maternal hypertension/pre-eclampsia, requiring a minimum of at least 1 month of soy formula feeding to be considered exposed, or restricting the study population to women without other uterine conditions associated with heavy menstrual bleeding (etables 6-13; http://links.lww.com/eDe/ B59).
Under the assumptions embodied in our probabilistic bias analysis to correct for exposure misclassification, the associations between soy formula feeding and the outcomes of heavy, gushing-type bleeding, nSaiD, and contraceptive method use for heavy menstrual bleeding were generally stronger in magnitude than those of the conventional analyses (etable 4; http://links.lww.com/eDe/B59).
DISCUSSION
Our data suggested that infant soy formula feeding is associated with an increased risk of heavy menstrual bleeding.
Heavy menstrual bleeding can occur from alterations in the HPg axis and the local endometrial mechanisms that regulate endometrial shedding and repair. [8] [9] [10] [11] local endometrial mechanisms, including vasoconstriction, hemostasis, endometrial epithelial growth, inflammation, and angiogenesis, limit menstrual blood loss and repair and regenerate the endometrium. 8, 9 Many of these local endometrial mechanisms are driven by ovarian steroids. 10 Within the HPg axis, the production of ovarian steroids are governed by the release of gonadotropins-luteinizing hormone (lH) and follicular stimulating hormone-from the anterior pituitary as well as gonadotrophin releasing hormone (gnrH) from the hypothalamus. Hence, given the tightly linked relationship between the uterus and the organs of the HPg axis, heavy menstrual bleeding can result from dysfunction within any one of these organs and this dysfunction could occur from disruption during early life development.
infancy is a critical early life period of HPg axis development 12, 13, 15, 16 and uterine tissue differentiation. 14 there is some evidence for the occurrence of a "mini-puberty" in infancy characterized by the activation of the hypothalamus and pituitary and the release of gonadotropins 15 that result in ovarian follicle development with concomitant estrogen production. 12, 13, 15, 16 this secreted estrogen could then stimulate target tissue including the uterus. 12 although the significance of this "mini-puberty" in infant females is not well understood, the postnatal hypothalamus, pituitary, and ovarian actions may have a role in the maturation of reproductive organs and the development of feedback loop mechanisms. 12, 16 thus, the differentiation of the reproductive system and development of steroid feedback mechanisms during early postnatal life may be susceptible to disruption from exogenous hormones.
We hypothesized that soy formula feeding is one such exogenous hormonal exposure that disrupts development during infancy, resulting in altered menstrual bleeding in adulthood. Soy formula contains the isoflavonoid phytoestrogens genistein and daidzein, which are structurally similar to estradiol. 17 although these phytoestrogens interact weakly with estrogen receptors compared with estradiol (as reviewed in Jefferson et al. 34 and Mccarver et al. 18 ), they appear to have a higher binding affinity than several man-made endocrine disrupting chemicals. [35] [36] [37] infants can be highly exposed to these phytoestrogens; 18 soy formula may be the primary, if not the exclusive, source of nutrition and infants are able to absorb, digest, and excrete genistein and daidzein. 38 in addition, infant girls exclusively fed soy formula have been shown to have greater estrogenization of the vaginal tissue compared with those fed cow's milk formula or breastmilk. 39 the administration of genistein during the early neonatal period in rodent animal models has demonstrated changes to the structure and function of the reproductive tract and HPg axis in adulthood. [19] [20] [21] [22] 40, 41 adult uterine changes from early life genistein exposure include altered morphology such as hypertrophy of the uterine epithelial cells and myometrium. 22 in the ovaries, neonatal genistein administration was observed to induce ovarian dysfunction that was dose dependent, with a greater number of corpora lutea at the lowest doses of genistein and anovulation at the highest dose. 21 a similar dose-dependent pattern was also observed in the pituitary; the lowest genistein dose was associated with an increased pituitary response to gnrH and higher lH secretion, whereas higher genistein doses were associated with decreased pituitary response and lower lH secretion. 20 consistent with the ovarian and pituitary changes, neonatal genistein exposure was shown to impair adult gnrH activation in the hypothalamus. 19 two epigenetic studies have provided additional evidence of the long-term effects of environmentally relevant levels of genistein during the early postnatal period. 40, 41 Both studies demonstrated that genistein reprogrammed rodent uterine gene expression, or induced epigenetic changes that persisted in adulthood; 37, 38 one of the studies showed that the changes in uterine gene expression increased uterine tissue sensitivity to estrogen. 40 One previous human study evaluated soy formula feeding in relation to a broad range of reproductive and endocrine-related outcomes in adulthood. 23 that study was conducted among young adults who participated as infants in a formula feeding study and were assigned to either soy or cow's milk formula. 23 With regard to menstrual bleeding, the investigators reported that soy formula feeding was associated with slightly longer bleeding duration but not with heavy menstrual flow. However, no information was provided about how menstrual bleeding was assessed and whether participants on medications that may alter menstrual flow were included. Despite these omissions, the strength of that study was its detailed records from infancy on formula feeding exposure.
Unlike that study, we were limited by relying on retrospective report of soy formula feeding for participants ages 23-34 years. nevertheless, nearly 90% of participants had the assistance of their mothers when completing the early life questionnaire. Based on limited studies conducted around the time the SelF cohort was born (years 1975-1989), 42, 43 mothers would be expected to be good sources of information regarding infant feeding. One small study conducted in a suburb of Detroit, Mi (where SelF is based) suggested that mothers, as opposed to healthcare providers, frequently initiate the decision to change formula. 43 a second study reported that mothers who changed to a special formula, such as soy formula, most frequently did so for the symptoms of colic and excessive crying. 42 Hence, the recall of mothers in SelF with regard to the specific feeding of soy formula may have been aided by their role in the feeding decision-making process and the historic reasons for soy formula use that may be memorable. Despite the potential for exposure misclassification given the reliance on maternal recall over 23-34 years, the similarity Subset of participants with natural menses, defined as women who reported menstrual periods in the year before the last menstrual period and study interview date and who reported not using medications that may alter menses (hormonal birth control or other medications during the year before the last menstrual period or current use of nonsteroidal anti-inflammatory drugs for heavy menstrual bleeding).
geD indicates general equivalency diploma; HS, high school degree. in frequency of any exposure to soy formula in the present analyses (13%) to that estimated using data on formula feeding from the 1980s (~11%) 44 suggests that the error in reporting of exposure may have been minimal. in addition, the results of our probabilistic bias analysis suggest that exposure misclassification may not account for our observed results; assuming the distributions of bias parameters that we used were realistic, correction for exposure misclassification resulted in relative risks that were stronger in magnitude and had comparable precision to those of the conventional analyses. in SelF, participants ages 23-34 years retrospectively recalled information on menstrual bleeding outcomes. the use of recalled information may have resulted in outcome misclassification; however, an earlier study of menstrual bleeding patterns reported high accuracy in recall of bleeding duration. 45 in addition, retrospective recall allowed us to obtain information on several indicators of heavy menstrual bleeding that would have otherwise been unavailable. indicators of heavy menstrual bleeding experienced over the participants' reproductive lifetime, such as ever having heavy, gushing-type menstrual bleeding, and ever use of nSaiDs for heavy menstrual bleeding, are not routinely recorded in medical records.
the availability of lifetime indicators of heavy menstrual bleeding strengthened our study as it allowed us to investigate the relationship between infant soy formula and heavy menstrual bleeding among the entire study sample. this is important as the entire study sample included participants who are affected by heavy menstrual bleeding but, due to pharmacologic treatment for the condition, were not included in the analyses of the subset of participants with natural menses; these treated participants are likely to be the most severely affected by heavy menstrual bleeding.
Our study was also strengthened by the collection of data on the impact of menstrual bleeding on the participant's quality of daily life. this assessment is in alignment with current clinical guidelines that recommend that heavy menstrual bleeding be determined by the woman's perception of bleeding that is excessive and its interference with physical, emotional, social, and financial quality of life. 1, 11, 46 the magnitude of the associations we observed was small and requires confirmation in additional studies. nevertheless, given that heavy menstrual bleeding is common, even small relative risks can translate to a relatively large impact on heavy menstrual bleeding occurrence. 47 additional research is warranted to investigate the role of early life exposures on heavy menstrual bleeding in adulthood. the impact of heavy menstrual bleeding on daily life can be substantial due to the extraordinary strategies needed to contain blood loss and prevent leaking through pads and tampons and staining clothing, bedding, and furniture; 4,5 some women with heavy menstrual bleeding report scheduling plans based on proximity and access to bathrooms, stopping daily activities, avoiding social activities, or missing days of work. [3] [4] [5] Similar to that reported in other studies of reproductive age women, 2-5 our sample of young african american women reported a high frequency of heavy menstrual bleeding as well as the adverse impacts of menstrual bleeding on the quality of daily life.
CONCLUSION
in our study of young african american women, our data suggested that soy formula feeding during infancy is associated with an increased risk of heavy menstrual bleeding, but replication studies are needed. given that heavy menstrual bleeding is common, even the small increase in risk we observed could translate to an impact on a large number of restricted to the subset of participants with natural menses (n = 762, 89 exposed, 673 unexposed), defined as women who reported menstrual periods in the year before the last menstrual period and study interview date and who reported not using medications that may alter menses (hormonal birth control or other medications during the year before the last menstrual period or current use of nonsteroidal anti-inflammatory drugs for heavy menstrual bleeding). b numbers may not add to column total due to missing data. c adjusted for age and maternal education. d excluding women who reported only spotting and not bleeding at last menstrual period. e Bleeding heaviness determined using information on number, absorbency, and saturation of pad and tampon products on heaviest day of bleeding during last menstrual period.
women. Our results add to the data on infancy as a susceptible developmental window for female reproductive function.
